INTRODUCTION
Light is the sole energy source for nearly all plant species, ranging from the tiny phytoplankton to giant sequoia trees. As a consequence, the availability of light has a major impact on the dynamics and structure of most aquatic and terrestrial communities. Light differs from all other resources because it cannot be mixed. Instead, the unidirectional nature of light gives rise to a vertical gradient of light intensity as a function of depth. Since phototrophic organisms absorb light to make a living, this vertical gradient is not static but dynamic. The light gradient is at least partly created by the phototrophic organisms themselves; hence changes in species composition are usually accompanied by changes in the vertical shading pattern. Accordingly, a dynamic description of the light gradient Manuscript received 27 August 1997; revised 10 February 1998; accepted 11 March 1998.
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While the fundamental importance of light is generally acknowledged, resource competition theory has thus far centered around competition for nutrients (Tilman 1977 , Hansen and Hubbell 1980 , Tilman and Sterner 1984 , van Donk and Kilham 1990 , Grover 1991 , Sommer 1993 , Rothhaupt 1996 , Ducobu et al. 1998 ). Light has received far less attention as a selective factor, probably because the presence of a changing vertical light gradient makes light competition conceptually and experimentally more complex than nutrient competition.
Recently, we accepted the challenge to find a fuller understanding of light competition. We developed an analytically tractable model to analyze the effects of a dynamic light gradient on phytoplankton competition and community structure . The model considers a well-mixed water column that is illuminated from above with light of intensity I. The incident light is partly absorbed by phytoplankton species and partly less light penetrates to the bottom of the water column.
The model predicts that each species has its own critical light intensity. If the light intensity at the bottom of the water column (I..t) is above its critical light intensity, the population of the species will increase; if I.., is below its critical light intensity, the population of the species will decrease. As a consequence, the outcome of phytoplankton competition for light can be predicted from the critical light intensities of the competing species. For instance, suppose that various species compete for light and that their critical light intensities, indicated by 'eti, are ordered as 'o~ut,l < o.ut,2 < o.ut,3 < .< Iout, (1) In this case, the model predicts that, independent of the initial conditions, species 1 should competitively displace all other species (Huisman and . Species 1 is predicted to exclude all others because it has the lowest critical light intensity and is thus able to reduce Iout below the critical light intensities of all other species. Similarly, species 2 should be able to displace all species except species 1, and so on. In this sense, the concept of a critical light intensity plays a role similar to the concept of a critical nutrient level (often termed R*; Armstrong and McGehee 1980, Tilman 1982) in models of nutrient competition. Thus, the species with lowest critical light intensity should win.
The critical light intensity of a species can be measured in monoculture experiments. According to the model, a species in monoculture should continue to grow until it has reduced the light intensity that penetrates to the bottom of the water column to its own critical light intensity. Hence, the critical light intensity of a species can be measured as the light intensity at the bottom of a water column when the species has reached a monoculture steady state. In this way, the theory allows a priori predictions of the outcome of competition based on monoculture information. Several other aspects of monoculture growth are further investigated in Huisman (1999) .
The present paper reports on tests of the competition theory. We performed monoculture experiments and competition experiments with two green algae and two cyanobacteria. The monoculture experiments were used to determine the critical light intensities and other model parameters of the species. Next, the time courses and final outcomes of competition were predicted on the basis of these monoculture measurements. These a priori predictions were then compared to the actual time courses and final outcomes of the various competition experiments.
THEORY
Consider a well-mixed water column with a number of phytoplankton species. Because the water column is well mixed, we assume that the population densities (in numbers per unit volume) of the various species are uniformly distributed over depth. Let xi denote the population density of a phytoplankton species i. The growth rate of species i depends on the balance between its production and loss rates: =t 1 fo pj[I(s)](o ds -Di (2) where p(I) is the specific production rate of species i as an increasing function of light intensity, I(s) is the light intensity as a decreasing function of depth s, z is the total depth of the water column, and D is the loss rate imposed by dilution.
Light penetration through the water column depends on the population densities of the phytoplankton species and on the background turbidity due to nonphytoplankton components. More precisely, according to Lambert-Beer's law the light intensity at depth s is given by I(s) = Ii~exp( kjwjs + Kbgs (3) where Ii,, is the incident light intensity, kj, is the s light attenuation coefficient of species j, Kbg is th background turbidity due to nonphytoplankton components, and n is the total number of phytoplankton species. Light that has not been absorbed penetrates to the bottom of the water column with an intensity l(z) = Iout.
In essence, this model formulation is a straightforward multi-species extension of commonly used models for phytoplankton photosynthesis (e.g., Bannister 1974 , Platt et al. 1990 , Kirk 1994 (Reynolds 1984) .
Culture system
Experiments were performed in newly developed continuous culture systems, specifically designed to study the population dynamics of light-limited phytoplankton. Fig. 1 shows a schematic drawing of these systems. To avoid interference with other light sources, each culture system was placed in a separate black box. Competition experiments were sampled approximately every three days. Samples were fixed with a paraformaldehyde-glutaraldehyde solution (Tsuji and Yanagita 1981) . The population densities in these species mixtures were analyzed with the EurOPA flow cytometer (Dubelaar et al. 1989 , Jonker et al. 1995 .
The flow cytometer counted a total of 104 individual particles/sample and was able to discriminate between the species on the basis of their size and pigment fluorescence. When a species comprised < 1% of the total number of individuals, the flow-cytometer counts became less accurate and the species was counted microscopically with a Sedgewick-Rafter counting cell.
We report population densities expressed as cells/ mL in case of Microcystis and Chlorella, as coenobia/ mL in case of Scenedesmus, and as filaments/mL in case of Aphanizomenon.
Quantitative analysis
The prediction that the species with lowest critical light intensity should be the superior competitor for light is only of a qualitative nature. In order to make quantitative predictions, it is necessary to choose a particular expression for the functions p(I). Here we have assumed that the specific production rate increases with light intensity and saturates at high light intensities according to a simple Monod equation:
where Pmaxi is the maximum specific production rate of species i, and (xi is the slope of the p(l) curve at I = 0. Using this Monod equation, the integral term in Eq. 4a can be solved, and the resulting competition model reads : Notes: System parameters were measured directly: Iin = 60 pmol photons.m-2.s'l; z = 5.0 cm; Kbg = 0.072 cm--'; D 0.015 h-'. Observed steady-state population densities and critical light intensities were calculated as the average population density and average Iout observed during the last 7 d of each monoculture experiment (N = 7). Predicted steady-state population densities and critical light intensities were calculated as the equilibrium solutions of Eqs. 6a and b, using the given species and system parameters.
t For three species, the iterative fitting procedure led to an estimate for Pmax that diverged to infinity. This indicates that the light intensities encountered during mixing were still in the linear part of the pi(I) curve. Hence, for these species only the initial slope (x is relevant, and Piax was arbitrarily set to 10. Table 1. According to the theory, the critical light intensities measured in monoculture can be used to predict the outcome of competition for light. The species with lowest critical light intensity should be the superior competitor (Huisman and . Of the four species, Scenedesmus had by far the highest critical light intensity (Table 1) , and theory thus predicts that Scenedesmus should be displaced in combination with any of the other species.
The critical light intensities of Aphanizomenon, Chlorella, and Microcystis were quite similar, however.
Moreover, for these three species the observed critical light intensities gave another species ranking than the critical light intensities obtained by the model fits (Table 1). Aphanizomenon had the lowest observed critical light intensity, whereas Chlorella had the lowest critical light intensity according to the model fits. Therefore it is not really clear from the monoculture experiments which of these three species should be the better competitor for light.
Competition experiments
Green algae.-In a first competition experiment, the two green algae, Chlorella and Scenedesmus, were both inoculated at low density (Fig. 3A) . The population densities of both species initially increased and, thereby, the light intensity Iout declined. Competitive displacement started after approximately eight days.
Scenedesmus was gradually displaced by Chlorella.
Note that Scenedesmus started to decline when I,,.
been reduced below its critical light intensity of -6
Rmol photons--2-S-1 (Table 1 ). The time course of competition experiment was predicted a priori using Eqs. 6a and b, with the measured system parameters and the species parameters estimated from the monoculture experiments (Table 1) . The predicted time course of competition (solid lines in Fig. 3A ) is in excellent agreement with the actual time course observed in the experiment. In a subsequent experiment, a small number of Chlorella cells was inoculated in a steady-state monoculture of Scenedesmus (Fig. 3B) .
Chlorella was able to invade. The increase of Chlorella was accompanied by a gradual reduction of Iou, followed by a decline of the Scenedesmus population.
Conversely, a few Scenedesmus coenobia were inoculated in a steady-state monoculture of Chlorella ( were performed with the two cyanobacteria. The monoculture experiments already showed that Aphanizomenon grows faster than Microcystis (Fig. 2C, D) .
Hence, when both species were inoculated at low density, Aphanizomenon was able to develop a dense population before being gradually displaced by Microcystis (Fig. 4A) . By accident, at day 67 the experiment got infected by Chlorella. Chlorella was able to invade the Aphanizomenon-Microcystis mixture. Further (deliberately planned) invasion experiments showed that Microcystis was able to invade a steady-state monoculture of Aphanizomenon (Fig. 4B ), while Aphanizomenon was not able to invade a steady-state monoculture of Microcystis (Fig. 4C) . Hence Microcystis was a better competitor for light than Aphanizomenon, independent of the initial conditions. In all three MicrocystisAphanizomenon experiments, the model given by Eqs. Green algae vs. cyanobacteria.-Competition between a cyanobacterium and a green alga is studied in Fig. 5 . The green alga Scenedesmus was competitively displaced by both Aphanizomenon and Microcystis (Fig. 5C, D) . On the other hand, both Aphanizomenon and Microcystis were displaced by the other green alga, Chlorella (Fig. 5A, B) . The model predictions coincide quite well with the time course observed in the experiments.
Four-species competition.-In one experiment the four species were inoculated together (Fig. 6) . Initially, the populations of all four species increased, thus reducing Iout. After about one week, the populations of We found that Scenedesmus had a much higher critical light intensity than the other species (Table 1) .
Indeed, as predicted, it was always competitively excluded (Figs. 3, 5C, 5D, 6) . Also in line with the theory, Scenedesmus started to decrease in its abundance when the light intensity penetrating through the water column had been reduced below its critical light intensity. This demonstrates that the concept of a critical light intensity is capable of predicting the outcome of competition for light, at least when the critical light intensities of the competing species are sufficiently different.
Aphanizomenon, Chlorella, and Microcystis had rather similar critical light intensities (Table 1 ). Therefore it was not obvious from the monoculture experiments which of these three species should better compete for light. Two procedures to estimate the critical light intensity were used. The critical light intensity was measured as the observed light intensity penetrating through the water column when the species had reached a monoculture steady state. Using this procedure, the species can be ranked according to their expected competitive ability for light as follows (Table   1) :
Aphanizomenon > Chlorella > Microcystis > Scenedesmus (7) where ">" means "is a superior competitor to." The critical light intensity was also derived from the fit of the model described by Eqs. 6a and b, using the measured system parameters and the species parameters estimated from the time course of the monoculture experiments. In this case, the competitive hierarchy reads (Table 1) Chlorella > Microcystis > Aphanizomenon > Scenedesmus. (8) Note that the position of Aphanizomenon shifted from place 1 in Eq. 7 to place 3 in Eq. 8. Because inspection by eye showed that the Aphanizomenon monoculture had a slightly different color (gray-green) than the monocultures of the other species (bright green), we hypothesized that this shift was related to spectral aspects of light. To test this hypothesis, we took samples from the steady-state monocultures and measured the absorption spectra with an Aminco DW2000 spectrophotometer. Green algae such as Chlorella and Scenedesmus use carotenoids and chlorophyll a and b to absorb light in the red and blue region of the light spectrum, whereas they hardly absorb green and yellow light (525-650 nm range; Fig. 7A, B) . In contrast to green algae, cyanobacteria contain phycobiliprotein pigments (e.g., Kirk 1994) . The phycocyanin peak (at 620 nm) is clearly visible in the spectrum of Microcystis (Fig. 7C) . The flat plateau from 575-630 nm suggests that Aphanizomenon contains both phycocyanin and phycoerythrocyanin (Fig. 7D) . The spectra show that Aphanizomenon absorbs green light (525-600 nm range) more efficiently than the three other species (Fig.7) . This was confirmed by measurements of the spectral distribution of light penetrating through the steady-state monocultures with a Licor LI-1800 spectroradiometer. More than 80% of the total light Interestingly, the outcomes of the competition experiments were all consistent with the competitive ordering of the species on the basis of their fitted critical light intensities (Eq. 8). That is, in the pairwise competition experiments Chlorella competitively displaced all three other species (Fig. 3A, 5A , 5B), Microcystis displaced both Aphanizomenon and Scenedesmus (Fig.   4A, 5D ), and Aphanizomenon only displaced Scenedesmus (Fig.5C ). In the invasion experiments, Chlorella was able to invade Scenedesmus, whereas Scenedesmus was not able to invade Chlorella (Fig. 3B, C) .
Chlorella was also able to invade a Microcystis-Aphanizomenon mixture (Fig. 4A) . Microcystis invaded Aphanizomenon, whereas Aphanizomenon did not invade Microcystis (Fig. 4B, C) . In the four-species competition experiment, Scenedesmus and Aphanizomenon were the first species to decline, next Microcystis declined, and Chlorella became the final dominant (Fig.   6 ). Hence, all competition experiments in this study point at the competitive hierarchy of Eq. 8.
Why do the fitted critical light intensities yield a better correspondence between theory and the competition experiments than the observed critical light intensities? Perhaps it is just a matter of coincidence.
A statistical explanation is also conceivable, however. because of lower light requirements, but because it absorbs more green light than the other species. It might be that a model fit to the complete time course is sensitive to such spectral aspects and is thus able to partially correct for them. In other words, the complete time course may bear more information on the species characteristics than the steady-state data alone.
Our results do not support the general contention (Mur et al. 1977 , Agusti et al. 1990 , Schubert et al. 1995 , Scheffer et al. 1997 ) that cyanobacteria are better adapted to low light conditions and hence better competitors for light than green algae. Low light conditions are thought to favor cyanobacteria because these prokaryotes have lower maintenance costs than the eukaryotic green algae Mur 1979, Gons and Mur 1980) . In our experiments, the cyanobacteria Microcystis and Aphanizomenon were indeed better competitors for light than the green alga Scenedesmus.
However, both cyanobacterial species were displaced by the other green alga, Chlorella. With only four species, our study is too limited to allow taxonomic generalizations, but it is possible that some cyanobacteria ditions while others perform worse without any clear relationship with taxonomic affiliation. If so, the often observed dominance of cyanobacteria in eutrophicated waters (Paerl 1988 , Steinberg and Hartmann 1988 , Duarte et al. 1992 ) cannot be solely explained by competition for light.
Summarizing, the qualitative outcomes of the competition experiments were all consistent with the competitive ordering of the species predicted from the fitted critical light intensities estimated in the monoculture experiments (Eq. 8). Quantitatively, the predicted time courses of competition were in excellent agreement with the experimental results for most species combinations (solid lines in Figs. 3, 5, 6 ). For the green algae Chlorella and Scenedesmus, which have similar light absorption spectra (Fig. 7) , the correspondence between model predictions and competition experiments is especially remarkable (Fig. 3) . However, for some combinations (especially Microcystis-Aphanizomenon; Fig. 4) , the model captured the qualitative trend but, quantitatively, further improvement seems desirable. Several factors not considered in the model might be relevant. These include (1) physiological adaptation of the algae to the changing light conditions during the experiments, and (2) differences in the light absorption spectra of the competing species. For example, we found that Microcystis lost most of its gas vesicles when Iout became low (J. Huisman, personal observation) and that Aphanizomenon absorbed green light more efficiently than the other species (Fig. 7) .
Studies of photoadaptation and spectral aspects of competition for light may therefore provide important next steps towards a further understanding of phytoplankton competition. In total, however, our results clearly demonstrate that at least under well controlled conditions a simple competition model is capable of capturing the essence of the struggle for light between phytoplankton species.
